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The RAB25 small GTPase determines aggressiveness of 
ovarian and breast cancers 

Kwai Wa Cheng^ John P Lahad^ Wen-lin Kuo^, Anna Lapuk^, Kyosuke Yamada^, Nelly Auersperg^, Jinsong Liu^, 
Karen Smith-McCune^, Karen H Lu^, David Fishman^, Joe W Gray^ & Gordon B Mills^ 



High-density array comparative genomic hybridization (CGH)^ 
showed amplification of chrom9some lq22 centered on the 
RAB25srr\a\\ GTPase^, which is implicated in apical vesicle 
trafficking^, in approximately half of ovarian and breast 
cancers. RAB25 mRHA levels were selectively increased in 
stage III and IV serous epithelial ovarian cancers compared to 
other genes within the amplified region, implicating RAB25 as 
a driving event in the development of the amplicon. Increased 
DNA copy number or RNA level of was associated with 

markedly decreased disease-free survival or overall survival in 
ovarian and breast cancers, respectively. Forced expression of 
RAB25 markedly increased anchorage-dependent and 
anchorage-independent cell proliferation, prevented apoptosis 
and anoikis, including that induced by chemotherapy, and 
increased aggressiveness of cancer cells in vivo. The inhibition 
of apoptosis was associated with a decrease in expression of 
the proapoptotic molecules, BAK and BAX, and activation of 
the antiapoptotic phosphatidylinositol 3 kinase (PI3K) and 
AKT pathway, providing potential mechanisms for the effects 
of RAB25on tumor aggressiveness. Overall, these studies 
implicate RAB25, and thus the RAB family of small G 
proteins, in aggressiveness of epithelial cancers. 

Ovarian cancer remains the fifth most frequent cause of cancer death 
in women. An improved understanding of the genetic aberrations in 
ovarian cancer may identify new etiologic, prognostic or therapeutic 
targets that can improve patient management. Several genes located 
at sites of DNA copy number aberrations in ovarian cancer, including 
PIK3CA\ ERBB2 (ref. 5), MYC^, EEF1A2 (ref. 7), AKT2 (ref. 8) and 
NC0A3 (ref. 9), have been implicated in the pathophysiology of ovar- 
ian cancer. Importantly, chromosome CGH analyses reveal other 
regions of recurrent abnormality in ovarian cancer, which may 
encode additional genes contributing to tumor behavior*^*^. In par- 
ticular, chromosome Iq is frequently increased in copy number in 
ovarian ^^'^^ and breast*^ cancers and Wilms*^ tumors; a high relapse 
rate in invasive ductal breast carcinomas*^ and Wilms tumors*'* are 
associated with increased DNA copy number on chromosome Iq, but 



the driver of the regional copy number increase at Iq has not been 
identified. 

Using array CGH* to more precisely define region(s) of recurrent 
copy number increase on chromosome Iq, we delineated an increase 
(at least 1.3-fold) in DNA copy number in a 1.1 -Mb region located on 
chromosome lq22 in 28 of 52 (54%) of advanced serous epithelial 
ovarian cancers (Fig. la). Notably, ovarian cancer patients with ele- 
vated lq22 (at least 1.5 copies of RAB25) either did not enter a disease- 
free state following surgery and chemotherapy or showed very short 
disease-free survival, implicating gene(s) in this region as potential 
oncogenes regulating the behavior of ovarian cancers (Fig. lb). 

The minimal region of copy number increase on lq22 encompassed 
the region from position 152,377,895 to 153,495,551, which contains a 
total of 34 genes, including 22 known genes and 12 hypothetical pro- 
teins based on the July 2003 human reference sequence. Based on 
expression levels from our microarray data sets*^ the Gene Expression 
Omnibus and the Stanford Microarray Database, we eliminated 18 can- 
didates that did not show a significant difference in RNA levels between 
normal ovarian epithelium (NOE) and ovarian cancers. We analyzed 
mRNA expression levels of the remaining 16 open reading fi-ames 
located in this region using real-time quantitative PGR to identify 
potential drivers of the copy number increase at lq22. Although mRNA 
levels of several of the genes in this region were modestly elevated in a 
fraction of ovarian cancers as compared to NOE or benign ovarian 
tumors, RAB25 mRNA levels were markedly increased in 55 of 62 
(88,7%) of ovarian cancers (P < 0,001; Fig. lc,d). This observation was 
confirmed in an independent ovarian cancer data set*^ wherein RAB25 
transcript levels were increased in 35 of 44 (80%) ovarian cancer sam- 
ples compared to NOE. The increase in RAB25 expression was stage 
dependent, with stage III and stage IV cancers showing higher levels 
(P < 0,0 1 ; Fig. 1 d) dian early stage cancers, suggesting a potential role of 
RAB25 in tumor progression. Sequencing of the open reading frame in 
8 ovarian cancer samples did not identify mutations in RAB25y suggest- 
ing that mutation of RAB25 rarely or never occurs in ovarian cancer. 
Linear regression analysis of 21 epithelial ovarian cancers for which 
both CGH and expression levels were available showed a direct rela- 
tionship between copy number and expression oiRAB25 (Fig. le) with 
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Figure 1 Genetic aberrations at chromosome lq22. (a) Array CGH of chromosome 1 in ovarian cancer ordered by RAB25, with red and blue indicating 
increase and decrease in DNA copy number, respectively, (b) Disease-free survival in ovarian cancer patients with high RAB25 DNA copy (at least 1.75- 
fold increase), (c) Real-time quantitative PGR of candidate genes from centromere to telomere in ovarian cancer, (d) Stage dependence of RAB25 mRNA 
expression in ovarian cancer (a, P< 0.001 versus normal; b, P< 0.001 versus Stage I; c, P< 0.01 versus Stage II). (e) Correlation of RAB25 DNA copy 
number and mRNA levels in ovarian cancer, (f.g) RAB25 RNA levels on survival of ovarian cancer (f) and of breast cancer (g). Unless otherwise designated, 
ovarian cancers are epithelial serous Stage lll-IV. 



a Pearson coefficient value of 0.434 (P < 0.05) and a Spearman rank 
coefficient of 0.48 1 (P < 0.05), Of 53 patients with high RAB25 mRNA 
(at least twofold increase) for which follow up data was available, 30 did 
not enter a disease- free interval (data not shown). As expected from 
CGH analysis (Fig. lb), high RAB25 mRNA expression (at least 40-fold 
increase compared to NOE, P < 0.05), assessed by real-time quantiative 
PGR and microarray^^, was associated with decreased survival (Fig. If) 
when comparing the top and bottom 30% of patients. When all patient 
samples (m = 53) were taken into consideration, a similar trend of cor- 
relation between high RAB25 levels and outcome was observed (see 
Supplementary Fig. 1 online). 

CGH analysis also indicated an increase (at least 1.3-fold) at lq22 in 
the region of RAB25 in 47% of breast cancers (JWG, unpublished data). 
In contrast to ovarian cancer, the regional increase in breast cancer is 
wide and encompasses the majority of Iq. Using an independent breast 
cancer microarray data set*^, 78 of 1 16 (66.7%) breast cancer patients 
showed an at least 1.7-fold increase in. JMB25 expression compared to 
normal breast tissue. Kaplan-Meier analysis of 109 breast cancer 
patients showed a correlation between high RAB25 expression (« = 50; 
at least twofold higher than normal) and a decrease in both overall sur- 
vival (P < 0.02, Fig. Ig) and disease- free survival (P < 0.01, 
Supplementary Fig. 2 online). RAB25 levels were an independent indi- 
cator of disease- free interval and overall survival in breast cancer when 
the data were adjusted for tumor size, ER status and grade and stratified 
by metastases. Increased RAB25 levels have previously been noted in 
prostate cancer*^, transitional cell carcinoma of the bladder and inva- 
sive breast cancer^^ suggesting a pathological role for RAB25 in epithe- 
lial tumor development. 

We evaluated the role of RAB25 in the aggressiveness of ovarian 
and breast cancers by altering RAB25 levels. Transient expression of 
RAB25 in A2780, D0V13, HEY and OCCl ovarian cancer cells 
markedly increased colony-forming activity under anchorage- 



dependent conditions (Fig. 2a). We thus established multiple breast 
and ovarian cancer cell lines that stably express RAB25. Stable expres- 
sion of PAjB25 in ovarian T80 (SV-40-and telomerase-immortalized 
but nontumorigenic ovarian cancer cells^^), A2780, OCCl, SK0V3 
and HEY and breast MCF-7 cancer cells increased cell numbers under 
both low (1% fetal bovine serum (FBS)) and high (10% FBS) serum 
conditions (Table 1, Supplementary Fig. 3 online). The ability of 
RAB25 to increase cell number could result from either increased cell- 
cycle progression or reduced apoptosis. Our analyses did not detect a 
significant change in cell-cycle progression as assessed by propidium 
iodide staining; however, enforced expression of RAB25 in immortal- 
ized ovarian cancer cells T80 and T29 (Fig. 2b), A2780 (Fig. 2b) and 
HEY (data not shown) was sufficient to increase cell survival under 
multiple stress conditions including serum starvation, anoikis 
(anchorage-independent stress), UV radiation and paclitaxel, sug- 
gesting that RAB25 regulates cell survival To verify the role of RAB25 
in regulating cell survival, we employed RNA interference (RNAi)^^ 
technology to knock down the expression of RAB25. RNAi transfec- 
tion markedly decreased both RAB25 mRNA levels (Fig. 2c) and pro- 
tein levels (Fig, 2c). Decreasing RAB25 levels consistendy increased 
the number of apoptotic cells in control (no UV radiation) and UV- 
irradiated breast and ovarian cancer cells (Fig. 2d), confirming a role 
for RAB25 in regulating cellular apoptosis. Similarly, RNAi transfec- 
tion also resulted in a significant (P < 0,05) decrease in cell prolifera- 
tion (Supplementary Fig. 4 online), further confirming the role of 
RAB25 in regulating cell survival. 

Genes in the BCL2 (B-cell lymphocyte/leukemia- 2 gene) family^^, 
such as BAKl (Bcl-2 homologous antagonist/killer) and BAX (Bcl-2 
associated protein x), have been shown to be central and key effectors 
of the mammalian apoptotic signaling cascade^^ and to regulate 
tumorigenesis^^ Enforced RAB25 expression decreased protein levels 
of BAK in A2780 and T29, whereas both BAX and BAK were 
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Figure 2 RAB25 regulates cell proliferation and survival, (a) Effect of transient transfectlon of RAB25oo colony formation, (b) Effect of stable expression of RAB25 
on apoptotic stress. RAB25s\RHA decreases (c) RAB25 mRNA (upper panel, measured as fold change to A2780 pcDNA scramble RNAi-transfected cells) and 
protein (lower panel) levels and (d) UV radiation-Induced apoptosls. (e,f) Effect of /?/Ae25 stable expression (e) and RAB25 RNAI (f) on BAK and BAX levels, 
(g.h) Effect of /?/lB25 stable expression (g) and RNAI (h) on AKT phosphorylation. All results are mean ± s.d. of three individual experiments except colony 
formation, which Is mean ± s.d. of triplicates In a representative experiment of three performed. At least two subclones of each line were assessed In each assay. 



decreased in HEY ovarian cancer cells (Fig. 2e). Neither BAX nor BAK 
v^as decreased in T80, suggesting that mechanisms other than changes 
in BAX or BAK protein levels must also contribute to resistance to 
apoptosis in some cells. Nevertheless, downregulation of RAB25 
expression by RNAi reversed the RAB25-mediated inhibition of BAX 
and BAK levels in i?AB25-overexpressing A2780 cells (Fig. 20, sup- 
porting the potential involvement of BCL2 family members in regu- 
lating RAB25 action. Thus dependent on the genetic background of 
the cell, either BAX and BAK, or both (or potentially other apoptotic 
regulators), were decreased in R(4B25-transfected cells. 

The PI3K pathway, in particular AKT, has been implicated in cell 
survivaP^'^^, at least in part, through altered expression of BCL2 fam- 
ily members^^. Western blotting analysis showed higher levels of AKT 
phosphorylation, an indication of activation of the PI3K-AKT path- 
way, in A2780, HEY, T29 and T80 cells overexpressing RAB25 
(Fig. 2g), Similarly, RAB25 knock-down by RNAi decreased AKT 



phosphorylation (Fig. 2h), confirming an interaction between RAB25 
and the PI3K pathway. Thus overexpression of RAB25 increases sig- 
naling through the PI3K pathway and decreases expression of the 

Table 1 Increase in cell proliferation by 825 expression 

1%FBS 10%FBS 



Cell lines 


pcDNA 


RAB25 


pcDNA 


RAB25 


A2780 


37.5±3.5 


63-5 ±7.8 


100.517.5 


14516.2 


OCCl 


57 ±6.3 


82.514.6 


122.519.8 


181 ±8.9 


SK0V3 


58.517.2 


96.516.2 


78.519.2 


128 ±8.3 


T80 


95 ±4.6 


154.516.8 


171 17.4 


226 ±9.3 


HEY 


U9±7.4 


22515.7 


348112.3 


538 ± 28.9 


MCF.7 


60 ±4.2 


109110.5 


14216.4 


174 ±4.4 



Cell counts were performed on day 8 in stable cells lines. Numbers represent cell 
number x 10,000 cells/ml. Each sample is presented ± s.e.m. of three replicates from 
one of three representative experiments. Results were confirmed with multiple 
subclones of each cell line. 
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Figure 3 /?/\B25 regulates tumprigenicity. Effect of stable RAB25{a,b) and RNAi (c) expression on anchorage-independent colony formation. The number 
of colonies (>3 mm in diameter) per 10,000 cells plated in pcDNA-transfected cells was 130 ± 32 for A2780, 290 ± 46 for HEY, 68 ± 12 for T29, 28 ± 5 
for T80 and 2034 ±128 for MCF-7. (d) Effect of stable RAB25 expression on subcutaneous growth of A2780 in nude mice, (e-h) Effect of stable 'raB25 
expression on orthotopic intraperitoneal tumor growth (e,f), weight (g) and (h) survival (survival curve is from the results of g). All stable /?/\S25-transfected 
cell injections formed tumors, whereas only two and three pcDNA-transfected HEY and A2780 injections formed tumors, respectively). Results are mean ± 
s.d. from one representative experiment of three performed except mouse studies, which are from one of two experiments. 



proapoptotic BCL2 family members, which likely contributes to 
resistance to apoptotic stimuli. Although the mechanism by which 
RAB25 alters AKT signaling and BCL2 family expression remains to 
be fully elucidated, the recent demonstration that multiple signaling 
molecules, including AKT and small GTPases, associate in a complex 
on endocytic vesicles^^ provides a potentially unify^ing mechanism 
linking AKT with'RAjB25, and subsequent altered cell survival. 

The ability of RAB25 overexpression to block anoikis suggested 
that RAB25 may increase the ability of cells to undergo anchorage- 
independent growth, an in vitro surrogate for in vivo tumor growth. 
Indeed, overexpression of RAB25 markedly increased the number of 
colonies under anchorage-independent conditions in A2780, T29 and 
T80 ovarian cells (Fig. 3a,b). Although RAB25 did not increase colony 
numbers with HEY cells (Fig. 3b), it did increase the size of HEY cell 



colonies (Fig. 3a). Similarly, overexpression of RAB25 in MCF-7 
breast cancer cells increased colony- forming activity (Fig. 3a,b). 
Compatible with a role for RAB25 in survival under anchorage- 
independent conditions, a significant decrease in colony- forming 
activity was observed in RAB25 RNAi-transfected cells (Fig. 3c, 
P < 0.01). Thus overexpression of RAB25 is sufficient to increase 
anchorage-independent growth in ovarian and breast epithelial cells. 

The marked effects of RAB25 on cell proliferation, anchorage- 
independent growth and cell survival suggested that RAB25 might 
alter tumor growth in vivo. 100% of nude mice injected with RAB25- 
transfected cells developed subcutaneous tumors as compared to only 
50% and 70% mice injected with vector transfected A2780 and HEY 
cells, respectively. Moreover, mice injected with /M525- transfected 
A2780 and HEY cells developed larger tumors in a shorter time than 
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mice receiving vector transfected cells (Fig. 3d). RAB25 overexpres- 
sion also increased orthotopic intraperitoneal tumor growth 
(Fig. 3e-g), Further intraperitoneal injection of A2780 cells express- 
ing RAB25 resulted in rapid tumor accumulation and death com- 
pared with empty vector-expressing cells (P < 0.01, Fig. 3h). RAB25 
expressing T29 and T80 immortalized ovarian epithelial cells did not 
grow either subcutaneously or intraperitoneally in nude mice, indi- 
cating that RAB25 is not sufficient to transform ovarian epithelial 
cells. Rather, RAB25 increased rates of tumor growth and aggressive- 
ness in already transformed lines. Our data strongly implicate RAB25 
in the aggressiveness of ovarian and breast carcinomas suggesting that 
RAB25 could be used to predict patient outcome and may provide a 
novel therapeutic target. These studies also implicate RAB25 and, by 
extension, the RAB GTPase family in tumor aggressiveness. This adds 
the genes encoding the RAB family to other members of the RAS 
oncogene superfamily as tumorigenic mediators, 

METHODS 

Patient samples. All patient samples and information were collected under 
Institutional Review Board-approved (LABOl-144) and HI PAA- compliant 
protocols at the MD Anderson Cancer Center. All patient samples contained 
>80% tumor on histologic inspection. We obtained NOE by directly scraping 
ovarian epithelial cells in the operating room into RNAhier (Ambion). Analysis 
of the approach indicates that at least 90% of cells are of epithelial origin. 

RNA isolation and real-time quantitative PGR. We isolated total RNA from 
normal ovarian surface epithelial cell preparations directly from the patient, 
and benign ovarian tumors and advanced (Stages III and IV) ovarian serous 
epithelial carcinomas by Trizol (Invitrogen) according to the manufacturer's 
protocol. Fluorogenic Taqman probes were designed based on sequences in 
GenBank, We determined mRNA levels for the genes of interest by Taqman 
real-time reverse transcription- PGR using the ABI PRISM 7700 Sequence 
Detection System (Applied Biosystems) through 40 cycles. We used p-actin as 
a reference. 

Cell lines and transfection. We maintained ovarian caner cell lines in RPMI 1640 
containing 10% FBS, and immortalized ovarian surface epithelial cells T29 and 
T80 in MCDB105:MI99 (50:50) containing 10% FBS. We constructed a 
hemagglutinin-tagged RAB25 expression vector by PGR amplification and con- 
firmed it by sequencing. Stable RAB25-e)cpressing clones were generated by trans- 
fection with hemagglutinin epi tope-tagged RAB25 constructs using FuGene 6 
(Roche) and selected in G418 for 4 weeks by limiting dilution. We generated at 
least three clones for each cell line. We performed all experiments with multiple 
subclones in each cell line and results are representative of several subclones. 

RNA interference. We purchased iMB25-specific siRNA (5'-GGAGGUGUAU- 
GACGAUGGU-3') from Xenigon and a scramble RNAi negative control from 
Ambion. We carried out RNAi transfection in solution T using a Nucleofector 
according to the manufacturer's protocol (catalog # 461 1, Amaxa Biosystem). 

Immunoblotting. We cultured cancer cell lines stably expressing RAB25 in the 
absence of serum for at least 24 h before protein isolation. We used pcDNA- 
transfected cells as a control. The proteins were separated by SDS-PAGE and 
detected with an ti- hem agglutinin (1;1000; Covance), anti-bak (1:1000), anti- 
BAX (1;1000), anti-phospho-AKT (1:1000 dilution, Ser473 or Thr308) or 
anti-AKT (1:1000 dilution) antibodies (Cell Signaling). We washed the mem- 
branes extensively, visualized the proteins by ECL (Amersham Biosciences) 
and quantified them using NIH image Version 1.61. 

Cell proliferation and clonogenic assay. We plated cells stably expressing RAB25 
at a density of I x 10^ cells/35-mm dish. Cells were then cultured in the presence 
of 1% or 10% FBS for 8 d. We harvested and counted total cells. We used 
pcDNA-transfected ceils as a control. For anchorage-dependent colony forma- 
tion, cells were transfected with either pcDNA 3.0 or RAB25 expression vector. 
We trypsinized cells 48 h after transfection and replated them in 
6 well/plates for 14 d in the presence of G418. Cells were stained with 



0.1% Goomassie blue (Bio-Rad) in 30% methanol and 10% acetic acid. We 
counted the number of colonies formed and expressed the number as fold 
increase compared with pcDNA-transfected cells. To test the effect of RAB25 
expression on anchorage-independent colony formation, we suspended cells 
stably expressing pcDNA or RAB25 at a density of 1 x lO'* cells/ml in 1 ml of 
0.3% agar dissolved in complete medium containing 25% FBS. Cells were plated 
in 35-mm dishes precoated with 1 ml of 0.6% agar base. We measured colony- 
forming efficiency 14-18 d after plating (^50 cells/colony) and expressed the 
number as a fold increase related to control vector-transfected cells. All experi- 
ments with transfected cells were ft-om multiple individual subclones. 

Apoptosis assays. We measured apoptotic cells using paraformaldehyde- fixed 
cells with an APO-BrdU kit (Phoenix Flow Systems) with flow cytometry In 
each experiment, we collected both floating and attaclied cells and washed 
them with PBS. We induced apoptosis by culturing cells in 0.1% serum for 
48 h, with UV radiation (A2780: 300 x 100 |Xj/cm^ HEY 150 X 100 \i]fcm^; 
lOSE: 50 X 100 ^J/cm^) or paclitaxel (A2780: 200 ng/ml; HEY, T29 and T80: 
50 ng/ml). For anoikis assays, we incubated cells on a rocker platform to pre- 
vent adhesion for 48 h. 

Tumorigenicity in nude mice. To assess the impact of IIAB25 overexpression 
on tumorigenicity, BALB/c-nu/nu mice (female, 4 weeks old) were injected 
subcutaneously (above the left hind leg) or intraperitoneally with 5 x 10^ 
RAB25 overexpressing or control cells. We measured subcutaneous tumors 
with a digital caliper and killed the mice in compliance with MD Anderson 
Animal Care and Use Form (ACUF) rules. Intraperitoneal tumor mass was 
measured by dissection of tumor from the peritoneal cavity and weighing. We 
performed all animal protocols under an Association for Assessment and 
Accreditation of Laboratory Animal Care (AALAC)-ap proved protocol. 

Statistical analysis. We statistically evaluated experimental results using the 
ANOVA test, simple f-test, or two-sided log-rank statistical test. Differences 
were considered significant if P <\0.Q5, Patients with no further follow-up 
information are represented by a vertical tick at last point of contact and are 
weighted in the Kaplan-Meier analysis. 

URL. Human Genome Sequencing Consortium assembly 

http://genome.ucsc.edu/cgi-bin/hgGateway 

Gene Expression Omnibus http://www.ncbi.hlm.nih.gov/geo/ 

Stanford Microarray Database http://genome-www5. Stanford, edu/ 

Ovarian cancer data set'^ http://genome-www.stanford,edy/ovarian_cancer 

Breast cancer microarray data set'^ http://genome.www.stanford.edu/ 

breast^cancer/robustness/data.shtml 

Note: Supplementary information is available on the Nature Medicine website. 
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